Abstract. Stress associated endoplasmic reticulum protein 1 (SERP1), can cause accumulation of unfolded proteins in ER stress. However, studies on the role of SERP1 in pancreatic ductal adenocarcinoma (PDAC) are still incomplete. The present study aimed at identifying whether SERP1 acts as a potential novel prognostic marker of PDAC, and analyzed its possible mechanism. GEO database analysis showed SERP1 was significantly upregulated in PDAC tissues, and strongly associated with advanced clinical stage of PDAC patients from TCGA database. Univariate and multivariate Cox regression analysis further revealed SERP1 high expression was an independent factor for the prognosis of PDAC. Gene set enrichment analysis (GSEA) revealed that SERP1 was mainly involved in regulating cell apoptosis and nuclear factor-κB (NF-κB) signaling pathway, and downregulated SERP1 significantly promoted PANC-1 cell apoptosis. To further explore its possible mechanism, protein-protein interaction (PPI) and gene ontology (GO) analysis showed the functions of proteins interacting with SERP1 were mainly enriched in regulating cell apoptosis, and SRP receptor β subunit (SRPRB) was the core of the whole PPI network. The expression of SERP1 was negatively correlated with SRPRB expression. In vitro, downregulated SERP1 significantly increased SRPRB expression. Furthermore, upregulated SRPRB could increase cell apoptosis rate and decreased the expression level of NF-κB and the phosphorylation NF-κB. The above results indicated that SERP1 as a potential novel prognostic marker of PDAC probably via regulating cell apoptosis and NF-κB activation, which may be associated with SRPRB.
Introduction
Pancreatic cancer is one of the most lethal human cancers, and it is usually discovered and diagnosed at its advanced stage (1) . Pancreatic ductal adenocarcinoma (PDAC) is the most common subtype of pancreatic cancer, with a low 5-year survival rate of 7.7% (2) . Despite considerable advances in neoadjuvant chemotherapy, surgical techniques and perioperative care, the prognosis for PDAC has not improved significantly (3) . Hence, prognosis markers are very important for PDAC patients, they provide valuable prognostic and treatment information.
Recently, a growing number of prognostic markers have been discovered, including mRNAs, non-coding RNA, circulating tumor DNA and tumor-derived exosomes (3) (4) (5) (6) (7) . These prognostic biomarkers associate with tumor clinical stage, overall survival (OS) time, and disease-free survival (DFS) time by regulating tumor biological behavior. For example, integrin β1 modulates tumor resistance to gemcitabine and serves as an independent prognostic factor in PDAC (8) . Regenerating family member proteins promote acinar-toductal metaplasia and act as novel diagnostic and prognostic markers in PDAC (9) . Vav guanine nucleotide exchange factor 3 and DIX domain containing 1 are linked to poor prognosis of pancreatic cancers and promote the proliferation, motility and invasiveness of pancreatic cancer cells (10, 11) . However, there are no prognostic markers for use in the clinic. Thus, there is still a growing need for prognostic markers and therapeutic targets to improve the outcomes of PDAC patients.
In the present study, we found that stress associated endoplasmic reticulum protein 1 (SERP1) was SERP1 is a novel marker of poor prognosis in pancreatic ductal adenocarcinoma patients via anti-apoptosis and regulating SRPRB/NF-κB axis significantly upregulated in PDAC tissues. SERP1, also known as ribosome-associated membrane protein 4 (RAMP4), is a Sec61-associated polypeptide that is induced by ER stress (12) . High level of SERP1 was correlated with advanced stage and poor prognosis of PDAC. SERP1 downregulation promoted cell apoptosis via upregulating apoptosis-related protein SRP receptor β subunit (SRPRB) expression and inhibiting nuclear factor-κB (NF-κB) activation. Previous studies have verified that NF-κB is a known regulator of anti-apoptotic molecules (13, 14) , is constitutively activated by phosphorylation modification in various tumors including PDAC (15) (16) (17) . NF-κB phosphorylation exist in PDAC cells such as PANC-1, BxPC-3 and AsPC-1, and contributing to their resistance to apoptosis and high metastatic potential (14). The inhibition of NF-κB phosphorylation has been shown to sensitize cells to apoptosis in pancreatic cancer cells (14). Our results are the first to show SERP1 is involved in regulating NF-κB activation and apoptosis, helping to elucidate the possible mechanism of SERP1 in predicting prognosis of PDAC.
Materials and methods
Database analysis. The mRNA expression data of 14 pairs of PDAC and adjacent tissues were obtained from gEO profiles database (http://www.ncbi.nlm.nih.gov/geo/, gSE41368, GSE16515). Mutation information and clinical data were downloaded from cBioPortal database (www.cbioportal.org). The TCGA data on mRNA (RNASeq V2) levels in PDAC patients were obtained from https://cancergenome.nih.gov/. SERP1, SRPRB and NF-κB mRNA level were used in the present study. The IHC-based protein expression data including high-resolution images were viewed and downloaded from the Human Protein Atlas web portal (www.proteinatlas.org). The sum IOD of IHC images were measured by Image-Pro Plus software (version 6.0; Media Cybernetics).
Gene set enrichment analysis (GSEA).
The association between SERP1 and biological processes/ signaling pathway gene set was analyzed using Gene set enrichment analysis (GSEA v2.2, http://www.broad.mit.edu/gsea/). gSEA calculates a gene set enrichment score (ES) that estimates genes from pre-defined gene set. Thresholds for significance were determined by permutation analysis (1,000 permutations). A gene set is considered significantly enriched when the P-value is <0.05. Western blot analysis. Cells were collected and lysed in radioimmunoprecipitation buffer (Beijing CoWin Biotech Co., Ltd., Beijing, China) with protease inhibitors for 30 min to extract total proteins from cells with SRPRB overexpression or SERP1 knockdown. Protein levels were quantified by bicinchoninic acid assays (Beijing CoWin Biotech Co., Ltd.). Thirty micrograms of protein from each sample was resolved by 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (Beijing CoWin Biotech Co., Ltd.). Proteins were transferred to nitrocellulose membranes (Sigma-Aldrich, St. Louis, MO, USA), which were blocked for 1 h in bovine serum albumin blocking buffer (Invitrogen). Subsequently, the membranes were incubated overnight at 4˚C with primary antibodies targeting SERP1 (1:1,000 dilution, cat. no. ab130974; Abcam, Cambridge, MA, uSA), SRPRB (1:300 dilution, cat. no. D223153; Sangon Biotech), phospho-NF-κB p65 (Ser536)(1:1,000 dilution, cat. no. 3033, Cell Signaling Technology, Beverly, MA, USA), NF-κB p65 (1:1,000 dilution, cat. no. 8242, Cell Signaling Technology), or GAPDH (1:1,000 dilution, cat. no. 70699; Abcam), were followed by incubation with an HRP-conjugated goat antirabbit secondary antibody (1:10,000 dilution, cat. no. CW0103; Beijing CoWin Biotech Co., Ltd.) for 1 h at room temperature. Immunocomplexes were detected using an enhanced chemiluminescence kit (Thermo Fischer Scientific), and images were analyzed using ImageJ software (version 1.62; National Institute of Health, Bethesda, MD, USA).
Protein-protein interaction (PPI) network construction.
Search Tool for the Retrieval of Interacting genes/Proteins (STRING; Search Tool for the Retrieval of Interacting Genes, http://string-db.org/) is a database of known and predicted protein interactions that may aid in the comprehensive description of cellular mechanisms and functions (18) . The PPI network interacting with SERP1 in pancreatic cancer was constructed using the STRING database.
Gene ontology (GO) analysis.
To explore the functional annotation enrichment of genes interacted with SERP1, GO analysis to determine clusters of these mRNAs with enriched molecular functions were performed. We used the database for annotation, visualization and integrated discovery (DAVID) v6.7 online tool (http://david.abcc.ncifcrf.gov) to functionally annotate input genes, classify gene functions, and identify gene conversions, and to perform the GO analyses. A P-value of <0.05 was considered significant (19) .
Statistical analysis. The statistical analysis was carried out using the SPSS 21.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA). mRNA expression data, IHC and apoptosis rate were analyzed using independent sample t-tests. Survival curves between different groups were obtained from Kaplan-Meier method and log-rank test. After the univariate analysis, Cox proportional hazards model was used to identify the independent prognostic factors for DFS and OS. P-values <0.05 were considered statistically significant.
Results

Expression level of SERP1 is upregulated in PDAC tissues.
As shown in flow chart of derivation and functional analysis of SERP1 (Fig. 1A) , to identify the novel differentially expressed mRNAs related with PDAC occurrence and development, six pairs of PDAC tissues and adjacent normal pancreas tissues from GEO database were compared, top 10 significantly differently expressed mRNAs (P<0.01; FC >1 and FC <-1) are shown in Fig. 1B . To evaluate the correlation of differentially expressed mRNAs with prognosis, we performed survival analysis of top 10 mRNAs. Among the 10 dysregulated mRNAs, SERP1, S100A11 and SEL1L were strongly correlated with survival time. However, SERP1 was one of rarely reported upregulated mRNAs in PDAC ( Fig. 2A) , and attracted our interest. Furthermore, SERP1 was again substantially upregulated in PDAC tissues by GEO (n=8) (Fig. 2B) . In Human Protein Atlas web portal database, we equally observed that SERP1 was significantly upregulated in PDAC tissues (n=11) compared to normal ductal epithelial cells of pancreas (n=3), and it was localized mainly in the cytoplasm of tumor cells ( Fig. 2C and D) . Analysis of molecular genetic alterations revealed that amplification of SERP1 exist in numerous malignant tumors, including PDAC, and we presume amplification may be a potential cause of high expression of SERP1 in PDAC (Fig. 2E) .
Upregulated SERP1 is associated with advanced stage and poor prognosis of PDAC. To further elucidate the role of SERP1 in pancreatic cancer progression, the expression level of SERP1 in different stages of pancreatic cancer patients was analyzed by TCGA database. The results revealed that with the increase of T stage (P=0.0098) and clinical stage (P<0.0001) in PDAC, but not N stage (P<0.2902), SERP1 expression level increased accordingly (Fig. 3A-C) . Next, constituent ratio analysis was performed in an expanded set of 173 primary PDAC tissues and 10 normal samples, revealing that none of the cases exhibited high expression level for SERP1 in normal pancreas tissues. However, in I/II and III/IV stage of pancreatic cancer tissues, 80/166 (56%) of cases and 7/7 (100%) of cases showed higher expression level for SERP1 comparing to normal tissues (P<0.01) (Fig. 3D) . The above results suggested that SERP1 was upregulated in PDAC and associated with advanced stage, which may have prognostic significance for PDAC patients. Next, patients were divided into SERP1 high expression and SERP1 low expression groups, prognostic role of SERP1 was further investigated. Kaplan-Meier curve showed that SERP1 high expression group had shorter OS and DFS compared with SERP1 low expression group in terms of survival duration (P<0.05) (Fig. 4A and B) , particularly in OS. Next, patients were divided into good and poor survival groups, and results revealed that the expression level of SERP1 was higher in patients with shorter DFS (P=0.0420) (Fig. 4C and D) . Moreover, multivariate Cox regression analysis further revealed SERP1 was an independent prognostic marker for PDAC patients (Fig. 4E and F) . Downregulated SERP1 promotes PDAC cell apoptosis. In order to gain a better understanding of the potential mechanisms of SERP1 influencing prognosis of PDAC, gSEA was performed to elucidate the functions and signaling pathways involved in these differentially expressed genes in PDAC. GSEA results showed that the gene sets related to apoptosis were enriched in PDAC tissues, including SERP1 (Fig. 5A) . In vitro, si-SERP1 and corresponding negative control were transfected into PANC-1 cells. The expression level of SERP1 was significantly decreased in PANC-1 cells transfected with SERP1 siRNA (Fig. 5B) , which promoted cell apoptosis compared with negative control group (P=0.0068) (Fig. 5C and D) .
Downregulated SERP1 increases apoptosis related protein SRPRB expression.
Owing to protein-protein interaction playing an important role in regulating tumor biological characteristics, STRINg was used to find the interaction genes with SERP1. As Fig. 6A and B showed, these genes include SRPRB, BCL10, CLASP2, gRAMD3, gTSE1, REEP2, SCTR, VIMP, SEC61B and SERPINE. We further performed gO analysis for these interaction genes. Consistent with GSEA analysis, we noted that these genes were especially enriched in functions of regulating cell death regulation and apoptosis (Fig. 6C) . Especially, apoptosis related protein SRP receptor β subunit (SRPRB) was the highest ranked interaction genes with SERP1 (Fig. 6B) , and was one of significantly co-expressed genes with SERP1 (Pearson =0.63) ( Table Ⅰ) .
To explore the relationship between SERP1 and SRPRB, the Human Protein Atlas Database was applied. In clinical level, previous results found that SERP1 upregulated in PDAC tissues. On the contrary, SRPRB protein expression levels were significantly downregulated (P=0.0199) in PDAC tissue compared with normal pancreas tissues, it was also localized mainly in the cytoplasm of tumor cells. Interestingly, SRPRB was obviously upregulated in stromal fibroblasts of tumor tissues, but almost no expression was found of the SRPRB gene in stromal fibroblasts of normal pancreas (P=0.0090) (Fig. 7A and B) . In vitro, si-SERP1 was transfected into PANC-1 cells and the expression level of SRPRB was increased with SERP1 downregulation in PANC-1 cells (Fig. 7C) . Next, in order to identify the effect of upregulated SRPRB on PDAC cell apoptosis, pcDNA3.0-SRPRB and corresponding negative control were transfected into PANC-1 cells, respectively. The SRPRB expression level of PANC-1 cells transfected with SRPRB overexpression plasmid was upregulated (Fig. 7D) , and the apoptosis rate of PANC-1 was obviously increased (P=0.0016) (Fig. 7E and F) . The above results showed that downregulated SERP1 promoted cell apoptosis probably via upregulating SRPRB expression.
SRPRB promotes cell apoptosis through NF-κB activation.
NF-κB activation plays an important role in controlling the survival of tumor cells (20) (21) (22) , the abnormal upregulation were thought to promote tumor cell survival (23) . In the present study, we found that gene sets related to NF-κB signaling pathway were enriched in PDAC tissues by GSEA (Fig. 8A ). Moreover, the expression level of NF-κB was positively correlated with the SERP1 expression (P<0.0001) (Fig. 8B ) and negatively correlated with SRPRB in 178 PDAC patients from TCGA database (P=0.0090) (Fig. 8C) . To validate that upregulated SRPRB can suppress the expression of NF-κB, pcDNA3.0-SRPRB was transfected into PANC-1 cells and the expression levels of p-NF-κB and NF-κB were detected. The results demonstrated that the expression levels of the phosphorylation NF-κB and NF-κB were reduced with SRPRB upregulation in PANC-1 cells (Fig. 8D) . The above data suggested that downregulated SERP1 prompted apoptosis possibly via upregulating SRPRB expression and inhibiting the expression of p-NF-κB and NF-κB in PDAC cells.
Discussion
In the present study, the prognostic value of SERP1 in PDAC is reported. We demonstrated that SERP1 expression level was significantly upregulated in human PDAC tissues compared to adjacent noncancerous tissues. High expression of SERP1 was positively associated with advanced clinical stage and shorter survival time (OS and DFS), indicating poor prognosis in PDAC. In vitro, downregulated SERP1 expression significantly promoted PANC-1 cell apoptosis which was mainly carried out by upregulating SRPRB expression and inhibiting the activation of NF-κB. Therefore, we speculated SERP1 may be a novel prognosis marker of PDAC patients via anti-apoptosis, which may be associated with the expression of SRPRB.
A growing number of new biomarkers have been found, such as noncoding RNA, microRNAs and liquid biopsies. Among these biomarkers, C-reactive protein, mutational status of P53, KRAS or BRCA2 are the most useful biomarkers in clinical practice (24) . However, prognostic markers for pancreatic cancer are still limited in clinical practice. Previous studies confirmed a significant correlation between high SERP1 levels and poor patient outcome in glioblastoma patients (25) , no studies were found in other tumors. In present study, we first found that SERP1 was strongly correlated with prognosis of PDAC patients. A previous study found that SERP1 expression level was enhanced in vitro by hypoxia and/or reoxygenation or other forms of stress, and associated with unfolded proteins in endoplasmic reticulum (ER) stress (26) . Many different physiological processes, highly secretory cells such as pancreatic β-cells, plasma B lymphocytes, and pathological conditions such as hypoxia, ER Ca 2+ depletion, and cancer can cause an imbalance between ER protein folding load and capacity, leading to accumulation of unfolded proteins in the ER lumen, a condition known as 'ER stress' (27) . In addition, SERP1 reintroduction could reverse the hypoxic cell death and plays an important role in promoting tumor cell survival (25) . The status of ER stress control early biogenesis of membrane proteins (28) , which is very important in cell death, for example, inhibition of ER stress leads to rescue of triptolide-mediated pancreatic cancer MIAPaCa-2 cell death (27) . In this study, PPI and GO analysis suggested that SERP1 and its interactional proteins are mainly involved in regulating cell death and apoptosis, and we observed that downregulated SERP1 expression actually promoted cell apoptosis compared with negative control group in vitro, which may be a potential cause of influencing prognosis of PDAC patients.
We found that SRPRB was an important interactional protein in the whole PPI network, and hypothesized that SRPRB may have an important role in regulating cell apoptosis. SRPRB is a novel human gene whose transcripts were upregulated in apoptotic MCF-7 cells (29) , and generally localized in the cytoplasm. Tissue-specific expression of SRPRB was found in various human tumors. For example, positive staining of SRPRB was found in the liver, lung, breast, colon, stomach, esophagus and testis, exhibited a ubiquitous expression pattern while its expression was upregulated in tumor tissues compared with corresponding normal tissues (30) . As another study reported, both the normal and tumor tissues of ovary were absent of SRPRB expression (30) . By contrast, in the present study, we found that the expression level of SRPRB was significantly downregulated in PDAC tissues, and significantly upregulated in stromal fibroblasts. Previous studies found SRPRB plays certain biological role in the regulation of cell proliferation and apoptosis, SRPRB induced inhibition of HHCC growth and cell cycle through regulating genes such as p21 and TIMP3 (31) . In vitro, we actually observed that SRPRB overexpression obviously increased cell apoptosis rate, and its expression level could be regulated by SERP1. In addition, correlation analysis found that NF-κB were significantly upregulated in PDAC tissues, and positively correlated with SERP1 level and negatively correlated with SRPRB level. NF-κB activation plays a critical role in regulating cell survival (32) , it has been proved that downregulation of NF-κB mediated cell apoptosis (33) . For example, inhibition of prosurvival Akt/NF-κB signaling induced apoptosis in prostate cancer cells (34) , ovarian cancer cells (35) and astroglioma cells (36) . Activation of NF-κB mainly occurs via phosphorylation of NF-κB proteins, such as p65, within their transactivation domain by a variety of kinases in response to distinct stimuli, and then enhanced cell anti-apoptosis ability (37) . In fact, phosphorylated p65 was significantly upregulated in PDAC cell lines, and associated with cell proliferation, cell cycle, and apoptosis (38) . Moreover, specific targeted inhibition the phosphorylation NF-κB pathways could induce cell apoptosis (39) . In this study, we found that SRPRB overexpression obviously decreased the expression of NF-κB and the phosphorylation NF-κB. Hence, we assumed that downregulated SERP1 may promote PDAC cell apoptosis via inhibiting NF-κB activation, which may be associated with SRPRB expression. We considered that anti-apoptosis induced by SERP1 may be one of the important mechanisms that could promote tumor progression, and affect the prognosis of patients, which has not been previously reported. Although we have demonstrated the relationship between SERP1 and prognosis as well as its possible mechanism, great number of clinical sample data are still need.
In conclusion, SERP1 is a novel potential prognostic marker for PDAC, and downregulated SERP1 expression promoted PDAC cell apoptosis and inhibited NF-κB activation probably by upregulating SRPRB expression. The present study provided a novel pathogenetic mechanism and a new treatment direction for PDAC. To the best of our knowledge, this is the first study showing the prognostic value of SERP1 for PDAC patients.
